Introduction ence of prominent intracellular inclusions in mec-4(d)-induced cell death also suggests that the aggregation Cell death plays critical roles in both development and toxicity that characterizes several human neurodegenpathological conditions. Influential work that helped lay erative disorders (Hardy and Gwinn-Hardy, 1998) could the foundation of the cell death field originally distinbe operative. Because mec-4(d)-induced cell death is guished two types of cell death on morphological well documented to be induced by ion channel hyperacgrounds (Kerr et al., 1972) . Apoptosis is a mode of cell tivation and is associated with cell swelling, we refer to death common in development and homeostasis that it as a necrotic type of cell death. occurs by a biochemical program conserved from nemaTo gain insight into the molecular mechanisms of netodes to humans (Metzstein et al., 1998) Nomarski DIC optics microscopy (Table 1A) . We found that both the number and the size of swollen neuronal in the C. elegans ventral nerve cord under the control (Table 1B) . We found that both crt-1(bz29) and cantly smaller than those in the parental line. Interestcrt-1(bz30) efficiently suppress mec-4(d)-induced touch ingly, alleles crt-1(bz31) and crt-1(bz50) are weaker cell degeneration (95% degeneration in mec-4(d) musuppressors of cell swelling than are crt-1(bz29) and tants but only 3% degeneration in crt-1(bz29 or bz30); crt-1(bz30), yet locomotion of all the suppressed lines is mec-4(d) (Table  1B) . We conclude that suppression is not restricted to et al., 1996; Garcia-Anoveros et al., 1998). We conclude that crt-1 suppressor activity is not restricted to the modulation of cell swelling, but rather affects neuronal viability itself. Moreover, these experiments establish mec-4(d) channel, and can be extended to different hyperactive degenerin channels expressed in neurons and that suppressor effects are not limited to toxic genes expressed from transgenic arrays nor are the effects of muscles. We note, however, that neither crt-1(bz31) nor crt-1(bz50) could suppress unc-8(n491) or unc-105 the suppressor mutations restricted to rescue of a single neuronal type. Unexpectedly, however, we found that (n1274). Thus, crt-1(bz31) and crt-1(bz50) define a distinct class of crt-1 alleles that can suppress neurotoxic crt-1(bz31) and crt-1(bz50) did not effectively suppress mec-4(d)-induced touch cell degeneration, indicating effects of an ectopically expressed mec-4(d) channel, but fail to suppress deleterious effects of hyperactive that bz31 and bz50 define a distinct class of alleles from bz29 and bz30.
degenerin channels expressed in their normal cellular contexts. We next tested whether crt-1 alleles could suppress dominant channel-hyperactivating mutations affecting other members of the C. elegans degenerin family ( Table  crt- (Table 1B) . By contrast, we find that only an average of vacuoles at this stage, and most were smaller than in the crt-1(ϩ) background (Table 1B) . Thus, crt-1(bz29) 39% of crt-1(bz29) nuIs5 animals lacked at least one PVC neuron. The crt-1(bz29) suppression of G␣ s -delivcan suppress toxicity conferred by multiple death-inducing degenerin mutations expressed in distinct groups ered insults demonstrates that the protective effects of crt-1 mutations are not restricted to hyperactive degenof neurons.
Specific alleles of two other degenerins, unc-8 and erin channels. crt-1 alleles can protect against necroticlike cell death induced by distinct initiating insults. unc-105, affect amino acid residues at sites different from that corresponding to MEC-4(A713V), but can cause some degree of channel hyperactivation (Garcia- (Table 1B) . We found no significant shown). crt-1(bz29) and crt-1(bz30) completely sup- Figure 2B ), conTo gain insight into the normal function of the crt-1 firming that suppression of the Is[p unc-8 mec-4(d)] is a locus, we examined the phenotypes of crt-1 mutants in consequence of alterations in calreticulin function. the absence of any toxic genes (Table 1C) . We found crt-1 alleles bz29 (W28stop) and bz30 (W231stop) that bz29 and bz30 developed more slowly than wildboth harbor nonsense mutations in the calreticulin codtype animals and were modestly shortened in body ing region. The molecular identities of the mutations, length. Brood sizes and embryo viability were normal in together with the facts that (1) we have never been able these backgrounds as assayed at 20ЊC (note that Park to distinguish phenotypic differences between bz29 and et al., 2001 report sterility at 25ЊC for a crt-1 presumptive bz30, (2) mutants carrying the bz29 or bz30 mutations null deletion, a phenotype we confirmed for crt-1(bz29) in trans to deficiency adDf1059 have suppressor phenoand crt-1(bz30), K.X., L. Herndon, and M.D., unpublished types indistinguishable from bz29 and bz30 homozyobservations). bz31 and bz50 were neither slowed in gotes, (3) bz29 and bz30 exhibit growth and body size development nor short in length. At least one rhythmic phenotypes indistinguishable from a crt-1 deletion (Park behavior, the defecation cycle, was normal in crt-1 muet al., 2001), and (4) anti-CRT-1 immunoreactivity cannot tants.
be detected in crt-1(bz29) and crt-1(bz30) backgrounds Because the mec-4 channel gene is normally ex-(J. Ahnn, Kwangju Institute of Sci. and Tech., Korea, pressed exclusively in the six touch receptor neurons personal communication), suggest that bz29 and bz30 and is required for their mechanosensory function, we are both functional null alleles of calreticulin. crt-1(bz50) carefully tested the response to gentle body touch in (G102E) and crt-1(bz31) (C133Y) encode missense mucrt-1 backgrounds. We found touch sensitivity is near tations that affect highly conserved residues in the calnormal in all four crt-1 mutants, as conventionally scored reticulin signature 1 and signature 2 sequences of the Nby a few gentle strokes that alternate between head and terminal domain, respectively. Because bz31 and bz50 tail (Chalfie and Sulston, 1981). However, we noticed alleles confer phenotypes different from bz29 and bz30, that adaptation to continuous stimulation (the continued the mutant proteins they encode may have partial calretresponse to sustained stimuli alternating between head iculin function. and tail touches; five or more consecutive touches) occurs more quickly in crt-1(bz29) and crt-1(bz30) backgrounds. The nearly normal touch sensitivity in the crt-1 crt-1 Is Broadly Expressed and Functions backgrounds suggests that suppressor mutations do in Affected Neurons to Influence not exert their effects by fully blocking biosynthesis and
Necrotic Cell Death functional assembly of the MEC-4 channel in the touch
We examined the crt-1 expression pattern using a reneurons.
porter gene in which the crt-1 promoter was fused to GFP coding sequences ( Figure 3A) . We found the p crt-1 GFP fusion protein is strongly expressed in many Degeneration Suppressors on Chromosome V Are Mutant Alleles of C. elegans Calreticulin, crt-1 tissues throughout development and into adulthood, including intestine, uterus, pharynx, hypodermis, body Given the intriguing properties of our suppressor alleles, we sought to clone the locus defined by alleles bz29, wall muscle, and coelomocytes. Although we did observe some fluorescent neurons in animals genetically bz30, bz31, and bz50. Using STS polymorphism mapping, three factor crosses, and deficiency mapping, we mosaic for the p crt-1 GFP transgene, crt-1 did not appear strongly expressed in nervous system (data not shown). positioned the gene defined by these mutations very close to, but to the left of, dpy-11 in the interval between Weak signals in the nervous system might reflect the fact that the reporter construct, which lacks crt-1 introns the left endpoint of deficiency adDf1059 and the left endpoint of deficiency nDf18 (Figure 2A 
1(IR)]; mec-4(d) transgenic line and counted numbers of degenerating neurons in their L1 larval stage progeny, we found significant suppression of mec-4(d)-induced Interference with Calnexin Expression also Affects mec-4(d)-Induced Cell Death
cell death-only 56% of heat-shocked transgenic animals exhibited degeneration of one or more tail touch In the ER, luminal calreticulin works in conjunction with membrane bound calnexin to execute chaperone funcreceptor neuron as compared to the 89% that degener- We note, however, that crt-1 null alleles do not render role in cellular calcium homeostasis as a major site for stored Ca 2ϩ (Michalak et al., 1999) , and Ca 2ϩ is known animals touch insensitive (Table 1C) Choi, 1992). Of these glutamate-gated channels, kainate was mapped between unc-46 and dpy-11, probably to the left of and AMPA receptor channel subtypes conduct Na ϩ and gad-1: 1/9 Dpy Non-Unc recombinants segregated bz31; 3/3 Dpy NMDA receptor channels, which play a key role in excito- 
